Western Guizhou has abundant coal resources, and it is considered as the most prospective area for coalbed methane (CBM) production in Southern China. To explore the potential of CBM production in this area, this study systematically addressed the differences of physical properties of coal reservoirs in the two typical areas (Zhijin and Panxian) of Western Guizhou, and on the base of that, deeply analyzed the forming mechanism of their differences. The results show that: the coal reservoirs in the Zhijin area are mainly high and medium rank coals with low porosity and poor permeability, and the pore structure is mainly dominated by micropores and transition pores; while the coal reservoirs in the Panxian area are mainly low and medium rank coals with high porosity and favorable permeability, and the pore structure is dominated by macropores and mesopores. The Langmuir volume and pressure of coal reservoirs in the Zhijin area are higher than those in the Panxian area, which indicates that coal reservoirs in the Zhijin area have much better adsorption capacity. The differences of physical properties of coal reservoirs in Western Guizhou are primarily controlled by the evolution degree of coal reservoirs. The evolution degree is dominated by the depositional and burial history as well as the tectonic thermal events afterwards: the depositional and burial history determines the difference of coal ranks between Zhijin and Panxian areas; while the tectonic thermal events are the main controlling factors of the internal differences of the coal ranks. Resulting from the various depositional and burial history or tectonic thermal events, different evolution process and physical-chemical structure generate, which in return determine the physical properties of coal reservoirs in Western Guizhou.
INTRODUCTION
pointed out that the physical-chemical structure evolution of coal reservoirs are the essential controls of gas in different coalification stages (Qin et al., 1999; Sun and Horsfield, 2005) . To accurately address the differences of physical properties of coal reservoirs and their controlling factors in Western Guizhou, conventional methods as well as high-tech methods were used in analyzing the coal samples in Zhijin and Panxian areas. This paper studied the pore-fracture system and the CBM adsorption capacity of coal reservoirs, restored the depositional and burial history using BasinMod software, and clarified the coalification history of the two typical areas with the fluid inclusion analysis.
GEOLOGICAL SETTING AND SAMPLES 2.1. Geological setting
Western Guizhou is located in the west of the Yangtze block, and it belongs to the upper Yangtze coal basin. Geographically, it includes Shuicheng, Panxian, Zhijin, Nayong etc. (Gui and Wang, 2000; Sun, 2003) . The Dongwu movement in the early Permain period closed the epicontinental sea environment of the Qixia-Maokouan period, and the entire Upper Yangtze River basin rose into the terrestrial deposit, suffering various degrees of weathering erosion and leaching processes. This generated an extensive eluvial plane, preparing the topographic condition for the deposition of coal-bearing formations. Afterwards, the Kangdian ancient land went into the rift development stage. A massive basalt magma effusive eruption resulted in a basaltic mountainous area. In the late Permian, three types of sedimentary facies regions were generated. The Yanshanian movement intensively reformed the stratum that formed prior to the Cretaceous period. The main coal-bearing formations in Western Guizhou are in the middle and upper Longtan formation and the lower Changxing formation. The coal-bearing formations developed in a transitional environment, and the underlying strata is the Emei Mountain basalt, while their overlying strata is the Lower Triassic Feixianguan formation (Gu, 2002) .
Samples
A total of 11 samples were collected from the Zhijin area, five of which were located in Hongfa coal mine (HF), Huangjiagou coal mine (HJG), Liangshan coal mine (LS), Zhihe coal mine (ZH) and Qingshan coal mine (QS); the remaining six samples came from a drill hole (Zk808). In comparison, another 11 coal samples were obtained from the Panxian area, including Luzhongde coal mine (LZD), Shanjiaoshu coal mine (SJS), Laowuji coal mine (LWJ), Dongli coal mine (DL), Heipiwazi coal mine (HPW), Xileqing coal mine (XLQ) and five samples from a drill hole (Zk5202) (Fig. 1) . The coal samples were directly collected from coal mines, and were carefully packed and then sent to the laboratory for experiments immediately. Those samples collected from the two drill holes, which are for fluid inclusions test, are all the surrounding rocks of the coal bed in the main coal seams (Longtan formation). All the related samples collecting have taken the geographical distribution and the main coal seams into account.
PHYSICAL PROPERTIES OF COAL RESERVOIRS
3.1. Adsorption capacity CBM are mainly adsorbed in the pore-fracture system. Consequently, the adsorption capacity of coal reservoirs not only has been a key factor affecting gas content, but also has a decisive impact on the recovery of CBM. The Langmuir parameters of isotherm adsorption experiments are commonly used to evaluate the adsorption capacity of coal reservoirs. Langmuir volume and Langmuir pressure are commonly used Langmuir parameters: Langmuir volume is the maximum adsorption volume of the CBM reservoirs, a representative of the methane adsorption capacity of coal reservoirs; Langmuir pressure is the pressure when the actual adsorption volume reaches 50% of the maximum adsorption volume, a representative of the ease of degree of the adsorption process. The results of isotherm adsorption experiments show that the coal samples in the Zhijin area have higher Langmuir parameters than those in the Panxian area. The coal reservoirs in the Zhijin area are predominantly high and medium rank coals, while the coal reservoirs in the Panxian area are mainly low and medium rank coals. The CBM adsorption capacity of coal samples in the Zhijin area are relatively high, and micropores and transition pores are majority. The Langmuir volume of the raw coal in the Zhijin area ranges from 27.17 to 39.62 m Figure 1 . Location map of the study area.
Porosity and permeability
In the Zhijin area, the porosity values range from 1.8% to 6.6% with an average value of 4.0%, and the permeability values vary from 0.01 to 3.56 mD with an average value of 0.71 mD; while in the Panxian area, the porosity values range from 2.8% to 7.9% with an average value of 6.1%, and the permeability values range between 0.2 and 14.7 mD with an average value of 4.22 mD (Table 1 ). There are significant differences in the characteristics of porosity and permeability in these two areas. The high and medium rank coal reservoirs in the Zhijin area have low porosity and poor permeability as well as R o values ranging from 1.64% to 3.31%; while the low and medium rank coal reservoirs in the Panxian area have high porosity and favorable permeability as well as R o values varying from 0.71% to 1.27%.
Characteristics of pore-fracture system

Mercury intrusion analysis
The results of the mercury intrusion show that the content of micropores and transition pores in the pore structure of coal reservoirs in the Zhijin area is higher than that in the Panxian area (Table 1) . Coal samples in the Zhijin area have lower intrusion saturation, which also indicates that the pore structure in the Zhijin area is dominated by micropores and transition pores, which could result in difficulty for mercury vapor to enter the pores. The expulsion pressure of coal samples in the Panxian area is generally lower than that in the Zhijin area, because the expulsion pressure decreases with the increase of macropores and mesopores. With the increase of the evolution degree, the characteristics of coal reservoirs show regular changes. The low rank coal has higher porosity and permeability because of its low evolution degree and shallow burial depth. As the burial depth increases, coal rank grows higher and the coal becomes more compacted, therefore, more micropores and transition pores occur, and porosity and permeability decrease accordingly.
Nuclear magnetic resonance measurement
Nuclear magnetic resonance (NMR) transverse relaxation (T 2 ) has been widely used in conventional reservoirs. It can penetrate the material without destroying the samples, and it has many advantages such as less time-consuming, accurate and high resolution. This study analyzed the pore-fracture structure, the movable fluid porosity and the irreducible fluid porosity of coal rocks in Western Guizhou using this method. Since the fluids in different pores and fractures show different relaxation time, NMR relaxation method can be used to characterize the pore-fracture structure of coal reservoirs. T 2 distribution characteristics, including the number, size, and position of T 2 spectrum peaks, can be used to analyze the pore types of coal reservoirs. For example, a much higher T 2 spectrum peak reflects a much better development of pores (or fractures) corresponding to the T 2 , and vice versa. Additionally, the continuity between T 2 spectrum peaks represents the connectivity between pores and fractures of coal reservoirs (Li et al., 2012) . The T 2 spectrum of the coal sample in the Zhijin area has two separated peaks: the prominent peak and the sub-peak are located at T 2 = 0.8 ms and T 2 = 50 ms respectively, and the prominent peak is much higher than the sub-peak (Fig. 3a) . This indicates that coal reservoirs in the Zhijin area mainly consist of micropores and transition pores. Macropores, mesopores and fractures are rarely developed. The separated bimodal distribution shows the poor continuity of pores and fractures. This pore-fracture structure has low permeability and is not favorable for the production of CBM. The T 2 spectrum of the coal sample in the Panxian area shows continuous trimodal distribution, indicating all the pores and fractures are developed in this coal (Fig. 3b) . The main peak occurred at T 2 = 200 ms, indicating that fractures, macropores, and mesopores are well developed, while micropores and transition pores are rarely developed. The continuity among the three peaks shows preferable continuity of pore-fracture system, which is the main reason for the better permeability of coal reservoirs in the Panxian area. Since NMR measurement relaxation time reflects the surface interaction between fluids and rock, it is commonly used in detecting the movable fluid and the irreducible fluid. In this study, two sets of NMR measurements were performed: one at a 100% water-saturated condition and another at an irreducible water condition. The 100% watersaturated cores were first used to obtain one T 2 spectrum distribution and then the samples were centrifuged to reach a perfect irreducible water condition (centrifuge pressure and time are 200 Psi and 1.5 hours, respectively). The samples with irreducible water conditions were tested to get another T 2 spectrum distribution. Afterwards, the saturated fluid porosity and the irreducible fluid porosity were obtained via analysis; their contrast is the movable fluid porosity. The results show that: the irreducible fluid porosity and movable fluid porosity of the coal sample in the Zhijin area are 2.31% and 0.18%, respectively (Fig. 3c) ; the irreducible fluid porosity and the movable fluid porosity of the coal sample in the Panxian area are 3.2% and 2.64%, respectively (Fig. 3d) . This indicates that the coal in the Panxian area has better porosity and movable fluid porosity and is favorable for further CBM exploration and production. Amplitude (Normalized) Figure 3 . NMR test data of the coal samples.
Genetic type of pores and fractures
Scanning electron microscope (SEM) is a common method to observe the pores and fractures (which directly reflects the gas concentration and permeability of coal reservoirs). Based on the characteristics of coal maceral, coal metamorphism and deformation, the pore-fracture system is divided into four types: primary pores, epigenetic pores, metamorphic pores and fractures. High and medium rank coal reservoirs in the Zhijin area are mainly primary pores and epigenetic pores with regionally developed metamorphic pores. Primary pores which mainly consist of interclast pores and cell cavity pores have no meaningful contribution to permeability of coal reservoirs (Fig. 4a-e) . Epigenetic pores, including breccia pores and crushed holes, are formed in the regional tectonic movements (Fig.  4f-g ). Subsequent tectonic movements in the Zhijin area also generated a large number 668 The differences of physical properties of coal reservoirs and their origin mechanism between Zhijin and Panxian Areas, Western Guizhou, China of fractures in coal reservoirs, especially in the regions where faults are well developed. These fractures are generally open, with greater length and width and they are only partially filled with minerals ( Fig. 4h-i) . These are the reasons for samples with high permeability in the Zhijin area. For example, the R o of the sample LS is 3.14% and its permeability is 3.56 mD. Its higher permeability and coal rank may be related to the nearby Nayong-Wengan fault. Fractures frequently develop in the vicinity of fault zones, which significantly improve the permeability of coal reservoirs; at the same time, magmatic activities along the faults heighten the local temperature, and increase the evolution degree of coal reservoirs. Primary pores, epigenetic pores and metamorphic pores are all developed in the low and medium rank coal reservoirs in the Panxian area. Primary pores and epigenetic pores are the majority in low rank coals in the western Panxian area (Fig. 5a-d) ; while metamorphic pores (mainly air holes) generally appear in medium rank coals in the eastern Panxian area (Fig. 5e-h ). Since the eastern Panxian area is close to the Panxian-Shuicheng fault zone, subsequent tectonic thermal events intensively reformed the coal reservoirs in this area, enhanced the coal metamorphism and generated a large number of air holes. Some air holes are even expanded and connected with fractures (Fig. 5i) .
CONTROLLING FACTORS OF COAL RESERVOIRS
The physical properties of coal reservoirs in Zhijin and Panxian areas are mainly controlled by the evolution degree of the coal which is affected by the buried depth and subsequent tectonic thermal events. The experimental results show that: porosity, permeability, and methane sorption capacity of coal reservoirs change as the coal rank increases. Based on the reconstruction of the depositional and burial history, as well as the temperature data of fluid inclusions in Zhijin and Panxian areas, this study clearly illustrates the effects of burial metamorphism and magmatic thermal metamorphism on the evolution degree of the coal, and addresses the differences of physical properties of coal reservoirs in the two typical areas.
Depositional and burial history
The restore of the depositional and burial history was accomplished using Basin-Mod software. The stratigraphic layer data refer to the actual drilling data and the regional geological records. Based on predecessors' achievements and combined with the materials of regional thermal history, the paleogeothermal gradients of different periods were identified. The LLNL geodynamic model was used to calculate the maturity of organic matters, and the measured vitrinite reflectance (R o ) was adopted to restrain the numerical modeling process (Mao et al., 1998; Li et al., 2009) . Simulation results indicate that: the coal seams of the Upper Permian in the Zhijin area reached the low mature stage at the end of the Triassic period when the palaeogeothermal temperature was 90°C, and the R o was 0.5-0.7%, corresponding to the long flame coal stage. By the early Jurassic period, the coal seams entered the mature stage and the palaeogeothermal temperature was 115°C, corresponding to the gas coal stage with the R o varying from 0.7% to 1%. At the end of the early Jurassic period, the palaeogeothermal temperature was 140°C, and the R o was 1-1.3%, corresponding to the fat coal-coking coal stage. By the end of the late Jurassic period, the coal seams reached the high mature stage with the palaeogeothermal temperature up to 160°C, and a R o of 1.3-2.6%, corresponding to the dry coal-lean coal stage. Then, the coalification process stopped. While in the Panxian area, with a shallower burial depth and lower palaeogeothermal gradient, the evolution degree of coal reservoirs is generally lower than that in the Zhijin area. The coal seams of the Upper Permian in the Panxian area reached the low mature stage at the end of the Triassic period, with the palaeogeothermal temperature of 85°C and the R o of 0.5-0.7%, corresponding to the long flame coal stage. The coal seams reached the mature stage by the early period of the late Jurassic, and the palaeogeothermal temperature was 110°C, corresponding to the gas coal stage with the R o varying from 0.7% to 1%. Subsequently, the coal-bearing formations were uplifted and the coalification process stopped (Fig. 6 ).
Depositional and burial history is the decisive factor of evolution degree of the coal, and coal rank greatly affects the pore structure and gas sorption capacities of coal reservoirs. The pore structure of the low and medium rank coals in the Panxian area is dominated by macropores and mesopores; however, in the Zhijin area, high and medium rank coals are dominated by transition pores and micropores. The porosity and permeability of coal reservoirs in the Panxian area are higher, while the methane sorption capacity is much lower than that of the Zhijin area. The physical-chemical structure varies with the evolution degree of the coal. Regarding physical structure, the effect of compaction is enhanced with the increase of burial depth, resulting in the decrease of macropores, the leakage of water, and the reduction of porosity and permeability. Regarding chemical structure, low rank coal is highly disordered in the molecular structure and unconsolidated in the spacing structure, resulting in high porosity but low CBM sorption capacity. High rank coal has low porosity, big surface area, and high CBM sorption capacity resulting from the reduction of side chains and functional groups in the molecular structure. 
Tectonic thermal events
Depositional and burial modeling in the Zhijin area shows that the evolution degree of coal reservoirs can reach the lean coal stage, and the R o values are less than 2.6%; while the measured R o values in this area vary from 1.64% to 3.31%, and the evolution degree of some coal samples can reach the anthracite stage. The homogenization temperatures of fluid inclusions of samples from Zk808 in the Zhijin area range from 74 to 248°C. Obviously, these temperatures can be divided into two groups: the 74-180°C group corresponds to the temperature of burial metamorphism and it is consistent with the simulation results of depositional and burial history; the 180-244°C group corresponds to magmatic thermal metamorphism, and the high temperature is caused by the intrusion of mantle-derived magma in the subsequent tectonic movements (Fig. 7a) . The R o values of samples in the Panxian area are measured as 0.71-1.27%, which indicates that the coal has reached the fat-coal stage; however, the simulation results show that the coal only reached the gas coal stage. Therefore, the coal reservoirs in the Panxian area are affected by both burial metamorphism and magmatic thermal metamorphism. The homogenization temperatures of fluid inclusions of samples in the Panxian area can also be divided into two groups: the 62-120°C group corresponds to the temperature of burial metamorphism; and as for the 120-150°C group, the high temperature is resulted from the subsequent tectonic thermal events (Fig. 7b) . The coalification in Western Guizhou has two stages: pre-Yanshan period and the Yanshan period. In the pre-Yanshan period, the coalification was evoked mainly by burial metamorphism; while in the Yanshan period, the coalification was evoked mainly by magmatic thermal metamorphism. In the pre-Yanshan period, the maximum burial depth of the coal beds in the Zhijin area could reach 4500 m with a higher paleogeothermal gradient, and the coals in this area had evolved to the lean coal stage. While in the Panxian area, due to the shallower burial depth and normal paleogeothermal gradient, the coals only reached the gas coal stage. During the Yanshan period, coal rank increased sharply with rapid hydrocarbon generation in the vicinity of fault zones. The magmatic thermal metamorphism in the Yanshan period turned some of the coals in the Zhijin area into anthracite coals, whereas in the Panxian area the coals were baked into coking coals. The organic matters in coals evaporated under high temperature, so that a lot of pores generated and the porosity increased. Samples LS and ZH in the Zhijin area have higher coal ranks and much higher porosities, with R o value of 3.14% and 3.31%. Similarly in the Panxian area, samples DL and HPW with R o value of 1.27% and 1.23%, have more favorable porosities and much higher content of mesopores and macropores. Coal reservoirs of Zhijin and Panxian areas in Western Guizhou have undergone burial metamorphism and magmatic thermal metamorphism. The burial metamorphism determines the difference of coal ranks between the two areas; while the magmatic thermal metamorphism is the main controlling factors of the internal differences of the coal rank. Coals with different coal ranks have different physical-chemical structure, which determines the differences of physical properties of coal reservoirs between Zhijin and Panxian areas in Western Guizhou.
CONCLUSIONS
1) Coal reservoirs in the Zhijin area, with low porosity and permeability, are mainly high and medium rank coals which primarily consist of micropores and transition pores; while coal reservoirs in the Panxian area, with high porosity and permeability, are mainly low and medium rank coals which primarily consist of macropores and mesopores. The irreducible fluid porosity and movable fluid porosity of the coal reservoirs in the Zhijin area are 2.13% and 0.18%, and those of the Panxian area are 3.2% and 2.64%. Generally, the coal reservoirs in the Panxian area have better pore-fracture structure; while in the Zhijin area, the coal reservoirs have higher adsorption capacity with greater Langmuir volume and Langmuir pressure. 2) The differences of physical properties of coal reservoirs in Zhijin and Panxian areas are mainly caused by the evolution degree of the coal, and the evolution degree of the coal is controlled by burial metamorphism and magmatic thermal metamorphism. The burial metamorphism determines the difference of coal ranks between the two areas; while the magmatic thermal metamorphism is the main controlling factors of the internal differences of the coal rank. Physical properties of coal reservoirs vary significantly with the coal rank. Low rank coal usually has high porosity and permeability as well as low adsorption capacity. As the burial depth of coal reservoirs increases, the coal rank increases, porosity and permeability decrease, and the adsorption capacity increases. The subsequent tectonic thermal events improved the local coal rank and generated large amount of air holes, which greatly enhanced the adsorption capacity and improved the porosity and permeability of coal reservoirs.
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